Photoacoustic tomography (PAT) offers three-dimensional (3D) structural and functional imaging of living biological tissue with label-free, optical absorption contrast. These attributes lend PAT imaging to a wide variety of applications in clinical medicine and preclinical research. Despite advances in live animal imaging with PAT, there is still a need for 3D imaging at centimeter depths in real-time. We report the development of four dimensional (4D) PAT, which integrates time resolutions with 3D spatial resolution, obtained using spherical arrays of ultrasonic detectors. The 4D PAT technique generates motion pictures of imaged tissue, enabling real time tracking of dynamic physiological and pathological processes at hundred micrometer-millisecond resolutions. The 4D PAT technique is used here to image needle-based drug delivery and pharmacokinetics. We also use this technique to monitor 1) fast hemodynamic changes during inter-ictal epileptic seizures and 2) temperature variations during tumor thermal therapy.
. Early PAT systems used single ultrasonic transducers, and required mechanical scanning and long data acquisition times were necessary to obtain high-quality images 5, 14 . Recently, array-based PAT systems have been developed to reduce the imaging time. In addition, high frame-rate photoacoustic (PA) imaging has been performed in 2D using linear arrays 15, 16 . Despite advances in live animal imaging with PAT, there is still a need for 3D imaging at centimeter depths in real-time.
Metal needles are commonly used for localized drug delivery in cancer therapy, and for tissue collection in biopsies 17 . Accurate and real-time information on needle position and orientation is important for proper needle guidance and placement within tissue. Recently, photoacoustic imaging has been used to visualize metal needles in vivo 18, 19 . Most current photoacoustic systems provide 2D cross-sectional images of tissue. However, 3D images would afford better monitoring during needle insertion and injection 20, 21 . Therefore, 3D PAT represents an important advance in needle guidance systems.
PAT has also been successfully used for non-invasive brain imaging in animal models of epilepsy 22 . Hemodynamic parameters associated with neuronal metabolism are often used to study epileptic seizures. During siezures, epileptiform events occur quickly and existing PAT imaging systems are not able to monitor these rapid changes in neuronal hemodynamics 22 . Real-time imaging methods that can resolve neural activities in three dimensions would be advantageous for the study of epilepsy, especially for the detection of spontaneous epileptic seizures.
Studies have also demonstrated the use of PAT in image-guided photothermal therapies in both animals and excised tissue [23] [24] [25] . In previously PAT systems, 2D thermal maps are generated by monitoring temperatureinduced changes in photoacoustic signals during thermal therapy procedures 26, 27 . However, 2D visualization of the heating pattern cannot effectively steer of heating focus into the tumor. This often left parts of the tumor unheated while generating too much heat in the surrounding normal tissues. Thus, 3D temperature distributions are desired to provide more comprehensive temperature monitoring during clinical applications.
Real-time 3D photoacoustic imaging has the potential to capture the physiology and pathology associated with dynamic phenomena in three-dimensional space. However, existing 3D PAT systems have long data collection times (from 24 s up to 8 min) 12 . To monitor dynamic processes, the dimension of time must be integrated into 3D photoacoustic tomograms 28 . Although simultaneous real-space and real-time resolution can be obtained using sparse arrays of ultrasonic detectors (only 15 detectors), the spatial resolution of these systems is poor (2-3 mm) 29 .
Here we report the development of 4D PAT, a technique in which, the time resolution is integrated with 3D spatial resolutions obtained from a series of 2D projections. The methodology is demonstrated in: 1) 3D needle guiding during drug delivery; 2) monitoring dynamic events during epileptic seizures; and 3) monitoring dynamic tissue temperature changes during tumor thermal therapy.
Results
Concept of 4D PAT. Imaging System and its characterization. In the 4D PAT imaging system, excitation light originates from a tunable (680-900 nm) Ti: Sapphire laser (LOTIS TII Ltd, Minsk, Belarus), delivering ,6.5 ns duration pulses with repetition frequency of 10 Hz. The beam is guided into a custom-made silica fused-end fiber bundle to create a cylindrical-shaped illumination pattern of approximately 20 mm in diameter upon the surface of the imaged object (Fig. 1) . To achieve calibration for PAT imaging reconstruction, the energy of each laser pulse is detected by a photodiode. A 192 element 3D sphere transducer array is used to capture the PA signals generated by the laser light. The 192 transducers placed along a custom-fabricated white ABS spherical interface containing 610 through holes with counter bores, formed 11 evenly spaced layers along the vertical direction of the ball as shown in Supplemental Fig. 1(a) , online. The transducer positions on the spherical interface are selectable which depends on geometry of the imaged target. The transducers were glued onto the interface with epoxy which can be removed to allow the position change of the transducers. The interface has an outer diameter of 160 mm and an inner diameter of 140 mm. The physical width of the light beam measured ,20 mm at the center-of-curvature of the sphericalarray. In this way, an imaging region of about p 3 103 10 3 30 mm 3 can be covered using a single laser pulse. A 192 channel data acquisition system consists of preamplifiers, secondary stage amplifiers (for optimizing the signal-to-noise ratio), and a 351 electronic multiplexer coupled with a 64-channel analog-to-digital converter. The average speed of PAT data acquisition system is 0.33 s/frame and was limited by the 10 Hz laser repetition 30 . The spatial resolution of the PAT system is inversely proportional to the bandwidth of the ultrasonic transducer. Each ultrasonic detector has a 5 MHz central frequency and a 70% nominal bandwidth with an active area of 3 mm in diameter and total diameter of about 6 mm (Blatek, Inc., PA, U.S.A.). As a result, the spatial resolution of this system is better (smaller) than 0.19 mm in the x-y direction, and better (smaller) than 0.27 mm in z direction (see supplemental data Figure 1 , online). For in vivo experiments, the rat head was elevated to the center of the spherical interface through a chamber fixed at the tank bottom, whose top was about 15 mm beneath the interface center, and a transparent plastic wrap was used to cover the chamber top. Ultrasound gel was used to couple the sound from the animal to the plastic wrap. The ultrasonic transducer array with the spherical interface, placed in the water bath, was therefore acoustically coupled to the mouse tissues.
3-D Spatial phase-controlled algorithm. The photoacoustic effect is intrinsically three-dimensional and is a product of the optical radiation scattered by the tissue being imaged. Photoacoustic waves are spherical in nature and propagate in all directions from their point of origin. In 3-D spatial phase-controlled algorithm, any detector should have recorded all light-absorbing objects in the detection area of the transducer according to spherical PA source theory. Therefore, different optical absorbers in the same cross section can be simultaneously gathered by the corresponding element, and the optical absorbers at various spatial locations can be resolved by measuring the time of arrival of PA pulses at each activated detector of the transducer assuming constant ultrasonic velocity in tissue. The reconstruction image pixel, P m is calculated through the following formula 31 :
where m is the spatial vector of the PA source, k is the position of the kth detector, and K is the total number of working detectors. D h ð Þis defined as the projection intensity weight function of h, the projection angle which is no more than the maximal acceptance angle of the array element. P t mk ð Þis the signal value collected by the kth detector at position m. t mk 5r mk /v represents the time when PA pulses spread from position m to k. r mk is the distance between PA source at position m and the kth detector. v is the average velocity of the acoustic wave in tissue. According to Eq. (1), the volumetric data collected by the spherical transducer array in a single laser pulse can be used to reconstruct 2D projection images at various Z axis depths. The concept of the 4D PAT is illustrated in Fig. 2 , which depicts the construction of tomograms from 2D projections at different angles and times. Because of the various dimensions involved, we note that at a given time each 2D projection represents a 3D frame (including time), whereas a 3D tomogram when constructed from all the 2D projections represents a 4D frame.
As shown in Fig. 2 , a series of PA images of various 2D projections is generated at different angles along z axis, allowing the construction of 3D tomograms over a series of times, t i h , where i denotes a given time and h denotes the tilt angle with respect to the Z axis.
Calibration was performed using a point object located at the center of the spherical array, which ensured an isotropic acoustic emission profile for all directions. We measured and compensated the delay of time for all the 192 channels in the radial direction. Using the spatial phase-controlled algorithm, the 3D (volume) tomograms were reconstructed from the aligned/calibrated images. We then used the time series 3D tomograms to make motion pictures that reflect the temporal evolution of dynamic processes. . There is excellent contrast 11.565 (standard deviation) in the PA response between the needle and the background tissue. The curved needle progression and the drug (ICG) delivery information is detected photoacoustically during the experiment. ICG pharmacokinetics was also monitored within a rat brain in real time with 810 nm (Fig. 4, Video 2) . During the first 20 seconds the signal is constant while a sudden increase of the signal strength occurs right afterward due to the ICG injection, followed by a plateau in the photoacoustic signal strength. Also presented are two time frames of the 3D structures obtained from representative, reconstructed 4D tomograms at t 5 19.647 s (Fig. 4a) and t 5 30.303 s (Fig. 4b) . Immediately after injection, ICG accumulation in the brain cortex is observed photoacoustically. The PA image of the ICG-dyed brain acquired at 30.303 s postinjection shows ICG accumulation enhanced the PA signal (area B) by 8.562.6 (standard deviation). Video 3 shows a three dimensional rendering of the ICG accumulation at a given time point. After transient accumulation of ICG, the amount of drug reduces exponentially. 2D PAT images extracted from 3D rat cortical vasculature tomograms (Fig. 4c ) matched well with anatomical photographs (Fig. 4d) . The brain structures, including the middle cerebral artery, right hemispheres, left hemispheres, left olfactory bulbs, and right olfactory bulbs, are clearly shown in the PAT images (Figure 4c ). The micro-blood vessels with diameters less than 100ìm are also evident (marked 1-3), and correspond well with rat brain anatomical photographs (Figure 4d ).
Disease diagnosis and therapy monitoring. To monitor epileptic activity, we induced generalized seizures in rats (n510) using intraperitoneal injection of pentylenetetrazol (PTZ) and monitored the seizures over time by photoacoustic imaging with 755 nm laser wavelength. Representative time frames of 2D PA projections of neuronal events were taken at 2 second intervals and are displayed in Fig. 5d . Within 2-3 minutes post-injection, small negative deflections (0.1-0.2 mV) in the local field potential (f.p.) were evident and rapidly developed into stable, well-formed biphasic interictal spikes (1-3 mV) occurring at regular intervals (0.8-1.5 Hz) (Fig. 5b,  upper) . Each interictal spike was followed by a distinct period of low signal, due to the enhanced absorption of active neural tissue ( Fig. 5b, lower) . As the interictal spikes increased in amplitude and width, so did the intensity of the photoacoustic signal. Thus, there was significant positive correlation between interictal spike amplitude and photoacoustic signal intensity (Fig. 5b) . Averaging over multiple interictal spikes, the mean amplitude was determined and the time course of the photoacoustic signal associated with each interictal spike (Fig. 5c ) was calculated. Optical absorption changes (DR/R) appeared within 0.5 seconds of the interictal spike and peaked within 1 second of the spike (Fig. 5c) . By dividing the single frames occurring after each event by the frame preceding the event, we produced spike-triggered (ST) photoacoustic maps (Fig. 5d) . ST maps reveal a clear photoacoustic signal with dynamic changes after each interictal spike. These signals most likely correspond to a population of neurons participating in the paroxysmal event.
4D photoacoustic imaging was also used to monitor tissue temperature variations during tumor photothermal therapy on mouse tumor. Fig. 6a 1-5 shows representative 2D slices and Fig. 6a 7 is 3D reconstructed photoacoustic image of mouse mammary tumors at 810 nm light illumination. Using the optical absorption differences between tumors and surrounding normal tissue, the tumor margins can be easily identified (Fig. 6 a 1-6 ) and corresponds well with tumor histology (Fig. 6 a 8 ) and our previous results 33 . Sliver nanoparticle was used to effectively enhance photothermal therapy because of their high optical absorption in our experiments. Thirty minutes after sliver nanoparticle injection, photothermal therapy was performed for 5 minutes using a CW laser wavelength of 755 nm. During therapy, photoacoustic signals at pulsed laser wavelength of 810 nm were collected constituently. The CW laser beam spot size on the skin of the mouse was 0.8 mm in diameter. Based on temperature calculation models 25 , a temperature distribution was estimated. A maximum temperature rise of 6.6uC during therapy was observed by photoacoustic-based thermal imaging (Fig. 6c) . During the first 1 minute 40 seconds, mouse tumor temperature gradually increased, and then the temperature was relatively constant until the CW laser was turned off. Discussion 4D-PAT, which combines the power of volume imaging with time resolution, reveals 3D physiologic and pathologic phenomena in a living animal. In the drug delivery application demonstrated here, the tomographic motion picture reveals ICG pharmacokinetics over time. This technique is able to monitor phenomena that change rapidly, such as hemodynamic changes during inter-ictal epilepsy seizures and temperature variations during tumor thermal therapy. In this report, 4D PAT images were generated by integrating time resolution with 3D spatial resolutions obtained from a complete tilt series of 2D projections of a living animal. The methodology promises to have wide-ranging applications in fundamental biological research and clinical practice.
Here we show that 4D PAT is able to monitor clinically-relevant curved needle insertion and drug delivery in real time. Indeed, the PA signal from the metal needle is strong due to the high optical absorption of the needle in contrast to the surrounding tissue constituents 18 . The real time 3D PAT imaging system described here overcomes the limits of existing 2D PAT imaging. With this system, the physician can now view curved needle locations within tissues in real time ( Fig. 3 and Video 1) offering a powerful tool for identifying metal implants and their location relative to other tissue structures. Combining with the conventional ultrasound imaging, our current PAT system can easily identify metal implants and their surroundings which are valuable in image-guided therapy 34, 35 . This technique is highly translatable to clinical applications, e.g. image-guided SLN biopsy and nerve blockings.
We show 3D real-time tracking of ICG-based drug biodistribution and pharmacokinetics using PAT. A clear advantage of this in vivo approach is the opportunity of direct visualization of disease processes on the molecular scale and the quantification of changes to the relevant marker molecules in a non-invasive test environment. In the future, other drugs with optical absorption contrast could be developed for photoacoustic imaging applications. However, additional studies will be required to evaluate the efficiency, BBB penetration capabilities, dosing, safety and toxicity of these new contrast agents. There are already several available optical contrast agents (such as fluorochromes and nano particles) and chromogenic disease biomarkers that can be readily adopted for use in multispectral photoacoustic tomography (MSOT) 36 . Our current novel 4-D PAT system uses custom-made high frequency transducer arrays with a spherical configuration covering an angle of 360u in x-y plane and of greater than 90u in y-z plane. It provides a higher spatial resolution and a 10 times bigger imaging volume relative to the previously reported PAT prototype 28 . In our system, there is no mechanical scanning needed along the axial z direction for 3D volumetric imaging. So the temporal resolution for 3D volumetric imaging is up to 3 Hz which is only limited by the current laser repetition rate. Thus, 4D PAT techniques could also help reduce the development time of new drugs and achieve faster clinical proofs-of-concept.
A key advantage of our noninvasive 4D PAT system for epileptiform event monitoring is the ability to image in real time. Seizures involve complex interactions of large groups of neurons and continually change throughout the event 37 . By achieving fast data acquisition, we will be able to observe transient alterations in metabolism and perfusion associated with interictal events. These events are not observable with current imaging systems such as fMRI, PET and SPECT. Our initial results indicate that there are generalized increases in photoacoustic signals associated with interictal events. Specifically, for the first time simultaneous EEG and PAT mapping of an epileptiform event in vivo were allowed in the experiments. We found that each interictal spike has a discrete photoacoustic correlate (Fig. 5b) . The current imaging speed was limited by the 10 Hz laser pulse-repetition-rate. Since considerably faster lasers of ,500 Hz pulse-repetition-rates are now commercially available, the temporal resolution of PAT will eventually reach a level of milliseconds. The 3-D, real-time imaging ability of our 4-D PAT shows the potential to study individual patients with spontaneously occurring epileptic discharges over distributed brain regions, and will likely help us to better understand the underlying mechanisms of the generation, propagation, and termination of epileptic discharges in three-dimension space.
With 4D PAT, real-time temperature monitoring of tumors treated with NIR-absorbing, non-bleaching nanoshells, can be used to ensure the successful thermal destruction of tumors. The 4D PAT method for volumetrically determining temperature distribution during treatment would greatly enhance the ability to uniformly heat tumors at therapeutic levels. Histologic examination reveals that PAT estimation of tissue damage agrees well with experimental findings, demonstrating its potential utility in determining tissue damage during therapy. This will allow therapy regimens to be tailored to ensure complete thermal destruction of tumors. However, it is necessary to point out that the influence of depth dependent light attenuation, change of sound-speed and tissue absorption due to the thermal therapy should be evaluated in future studies with our quantitative photoacoustic image reconstruction method 38, 39 . The radial resolution of approximately 190 mm is only bandwidth limited and is thus spatially invariant, in good agreement with the theoretically predicted value 40 . The transverse resolution however varies significantly from ,270 mm in the center of the array, to approximately 400 mm at a distance of 10mm from the center. The reason for this is the reduced elevational aperture (90u) of the system, which provides relatively limited view in this direction. A larger elevation angle and more transducer elements could therefore improve the resolution. It is easy to further improve the spatial resolution by simply increasing the number of transducers in the current transducer array interface in our next generation imaging system. This work represents a major technological and scientific advance in photoacoustic imaging. Previous attempts to perform real time 3D tracking of dynamic physiology and pathology phenomena in living tissue in 3-D were not successful due to temporal resolution and/or imaging depth limitations. The high spatial and temporal sampling of this novel 4D-PAT system allows for complete mapping of hemodynamic and thermodynamic events in vivo. The noninvasiveness and depth capabilities of this 4D-PAT system allows monitoring of drug delivery and cancer therapy. 4D-PAT provides high-resolution imaging capabilities in real time in live tissue.
Methods
Animals. Male Sprague-Dawley rats (Harlan Labs, Indianapolis, IN) weighing 50-60 g on arrival were allowed one week to acclimate to the 12-h light/dark cycle and given food and water ad libitum. Before imaging, and while under anesthesia, the animal's head hair was removed using a hair removing lotion. The scalp and skull were kept intact. After PAT data acquisition, animals were sacrificed using pentobarbital (120 mg/kg, administered intraperitoneally(i.p.)). Subsequently, open-skull anatomical photography was performed. All procedures were approved by the University of Florida Animal Care and Use Committee and conducted in accordance with the National Institutes of Health Guide for the Care and Use of Experimental Animals.
Seizure induction and electrode implantation surgery. Generalized seizures were induced in rats (n510) using intraperitoneal injection of pentylenetetrazol (PTZ). Cortical local field potentials were recorded 5 min before each injection and continued for up to 30 min post-injection. Rats were anesthetized by intraperitoneal injection of urethane (1 g/kg of body weight). Two 300 mm diameter stainless steel screw electrodes were implanted in each rat skull to obtain potential data subdural multichannel cortical local field. Electrodes were placed at 20.3 mm posterior; 3 mm lateral (right) of bregma and 1 mm ventral, based on coordinates from a rat brain atlas 40 . In addition, one 300 mm diameter stainless steel electrode (FHC, Bowdoin, ME) was implanted as a reference into the midline occipital bone. Cortical local field potentials were obtained using a Tucker Davis Pentusa (Tucker Davis Technologies, Alachua, FL) neural recording system at 12 kHz, digitized with 16 bits of resolution, and band pass filtered from 0.5 to 6 kHz.
Drug delivery monitoring. Indocyanine green (ICG), or cardiogreen, is a U.S. Food and Drug Administration (FDA)-approved, nontoxic, organic dye used for medical diagnostics. The absorption spectrum of ICG bound with plasma proteins is 805 nm. ICG in phosphate buffered saline (pH57.4) was injected intravenously at a dosage of 0.25 ml/100 g body weight, which produced an estimated ICG blood concentration of 1 310 25 M. After injecting ICG, a series of PA images was obtained to dynamically monitor ICG uptake in the rat brain.
Thermal therapy and temperature monitoring. For thermal therapy studies, one-month old BALB/C mice were injected in the right flank with EMTCL2 human cancer cells (about 5310 6 cells) and tumors were allowed to grow for 15 days to a size of 10 mm in diameter. Sliver nanoplates were used for thermal therapy due to their enhanced thermal stability and enhanced photoacoustic signal response. By precisely controlling the plate diameter and thickness, the nanoplate's optical resonance can be tuned to peak at specific wavelengths at 785 nm. The injected volume of nanoparticle solution was 200 mL, and the injected concentration was 0.08 mg/ml. The nanoparticles were intradermally injected at the tumor site. A CW laser (785 nm, 80 mW, Model DL7140-201S, Sanyo, Japan) was used for photothermal therapy. The 4-D photoacoustic imaging setup for thermal therapy and temperature monitoring in vivo on mouse tumor model is shown in Supplemental Figure 2 .
The thermal expansion of an absorbing medium heated by a short laser pulse with an incident laser fluence, F 0 , induces a pressure rise, P(z), in the irradiated volume upon stress confined irradiation conditions 41 ] the absorption coefficient of the medium. The expression bc s 2 /C p in equation (2) represents the Gruneisen parameter, C , with an almost linear dependence on temperature. A and B are constants and T(z) is the temperature distribution in tissue. k is the parameter resulting from multiple scattering in tissue and is dependent on the absorption and scattering coefficients. The factor e {m eff z ð Þ represents exponential attenuation of the optical radiation in the medium. Equation (2) is valid under the condition of stress-confinement when pressure relaxation is negligible during the heat deposition. Prior to taking experimental measurements, tissue temperatures were measured to calibrate the relationship between temperature and photoacoustic signal amplitude. During experiments, tissue samples were immersed in a water tank maintained at 37uC and thermistors were inserted into the centers of tissue samples to measure temperature. Baseline ultrasound and photoacoustic frames were acquired before photoacoustic frames were recorded at each temperature (see supplemental data Figure 2 , online).
Image analysis. A custom software utility was written and incorporated into the computer software package MATLAB (MathWorks, Massachusetts, USA) to analyze and display recorded data. Amira (version 5.3.3, TGS Template Graphics Software) was used for 3D reconstruction of the PA slices. Movies were formed by merging time serials of 3D PAT images from Amira using custom Matlab code. The image color scale was determined by the photoacoustic signal intensity in arbitrary units.
